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Self-switching diodes (SSDs) were fabricated on as-grown and hydrogen-intercalated epitaxial gra-
phene on SiC. The SSDs were characterized as zero-bias detectors with on-wafer measurements
from 1 to 67GHz. The lowest noise-equivalent power (NEP) was observed in SSDs on the
hydrogen-intercalated sample, where a flat NEP of 2.2 nW/Hz
1=2 and responsivity of 3.9V/W were
measured across the band. The measured NEP demonstrates the potential of graphene SSDs as
zero-bias microwave detectors.VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914356]
Graphene exhibits electronic properties which are rele-
vant for high-frequency applications1 such as zero-bias detec-
tion in passive imaging arrays.2 Detectors drawing zero bias
current offer reduced 1/f-noise compared to biased detectors.
Zero-bias detectors are today normally based on heterojunc-
tions or Schottky diodes, reaching noise-equivalent power
(NEP) below 20 pW/Hz
1=2 beyond 100GHz.3,4 Zero-bias
detection has been demonstrated in graphene field-effect tran-
sistors (FETs) with an NEP of 515 pW/Hz
1=2 at 600GHz.5
Self-switching diodes (SSDs) offer a fundamentally differ-
ent approach to zero-bias detection in which rectification and
detection is achieved by a lateral field-effect.6 Simulations
have shown the feasibility of achieving rectification in gra-
phene using SSD structures.7,8 SSD detectors have previously
been realized in other materials9–12 with the most promising
results for GaAs SSDs in which an NEP of 330 pW/Hz
1=2 at
1.5 THz was observed.13 In this work, detection with rectifying
graphene SSDs at frequencies up to 67 GHz is demonstrated.
The SSDs are realized in both as-grown (n-type) and
hydrogen-intercalated (p-type) epitaxial graphene on SiC.
Figure 1 shows a scanning electron micrograph of a sin-
gle SSD channel fabricated in epitaxial graphene. The narrow
graphene channel behaves as a lateral nanowire transistor.6
The surrounding flanges act as lateral gates which are directly
connected to the drain such that the drain voltage is simultane-
ously applied to the gates. This has the effect of modulating
the carrier density in the nanowire channel generating a non-
linear current-voltage characteristic.14 The inset shows an
SSD design implemented for RF detection with nine nanowire
channels acting in parallel to reduce resistance and NEP.15
The SSDs were fabricated at the end of a 70lm coplanar
transmission line, in order to provide a partial RF match.
Graphene was grown on the Si-face of two 20 20mm2
nominally on-axis semi-insulating (SI) 4H-SiC substrates in
a horizontal hot wall chemical vapor deposition (CVD) reac-
tor.16 Graphene growth was carried out at 1300 C to
1400 C in vacuum after an initial in-situ surface preparation
of the substrates in a hydrogen/silane background. One of
the samples was then intercalated in hydrogen at a
temperature (pressure) of 800 C (500 mbar) in order to
obtain quasi-free standing graphene. SSDs and supplemen-
tary test structures were fabricated on the graphene layers
with and without H-intercalation. As-grown samples then
consisted of a monolayer plus carbon buffer layer (CBL),
and samples which were intercalated with hydrogen con-
sisted of quasi-free standing graphene bilayers.17–19
Processing began by patterning the SSD flange structures
via electron beam lithography (EBL). The flanges were then
etched in O2 plasma. Ti/Au ohmic contacts were deposited
and mesas etched via O2 plasma followed by the definition of
Ti/Au contact pads.20 In order to prevent long term sample
degradation, an encapsulation using benzocyclobutene (BCB)
diluted in (1,3,5) trimethylbenzene (1:4) was done.20 Hall
measurements yielded an average mobility (carrier density)
of 1392 cm2/Vs (6.911011cm2) for the as-grown material
and 1130 cm2/Vs (þ1.951013cm2) for H-intercalated mate-
rial. This corresponds to mean Fermi energies of f ¼ 88meV
(366meV) for the as-grown (H-intercalated) samples,
respectively.21 The measured mobilites and sign of the major-
ity carriers for as grown and H-intercalated material are con-
sistent with previous results.20
FIG. 1. Scanning electron micrograph (SEM) of a single SSD channel
etched in as-grown monolayer graphene on SiC. The narrowest width of the
depicted channel is 15 nm. The inset shows the SSD design used in the RF
detection experiments, with nine parallel channels fabricated at the end of a
70lm coplanar transmission line.
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The as-grown and H-intercalated samples were charac-
terized using micro-Raman spectroscopy. The Raman spec-
tra were obtained after device fabrication using a setup with
a 2.33 eV (532 nm) diode pumped semiconductor laser.21,22
Due to the BCB passivation layer, the Raman spectra were
obtained by measuring through the SiC substrate resulting in
reduced spatial resolution (2 lm) and spectral intensity.
The Raman spectra of the as-grown and H-intercalated
samples after background subtraction of the second-order
Raman scattering from the substrate are shown in Fig. 2. The
as-grown and H-intercalated materials have G (2D) peaks cen-
tered on 1589 (2724) cm1 and 1595 (2717) cm1, respec-
tively. The spectrum of the as-grown sample contains a
significant contribution from the CBL in the range of
1340–1640 cm1, which is absent in the H-intercalated sample,
demonstrating the effect of intercalation. The observed upshift
(downshift) in the G (2D) peaks upon intercalation reflects a
reduction of the stress in the graphene as well as a change in
carrier density. Additionally, the H-intercalated sample demon-
strates a very weak D-peak at 1364 cm1. Since the D-peak in
defect free graphene is forbidden in Raman scattering by mo-
mentum conservation, its presence indicates defects in the lat-
tice. The intensity ratio ID/IG of the D-peak (ID) and the G-
peak (IG) therefore defines a figure of merit regarding material
quality. The intercalated layer demonstrates ID/IG ¼ 0.023
indicating low defect density.23–27 Such a comparison is intrac-
table in the as-grown sample because the D-peak is obscured
by the CBL spectrum.27 The increase in linewidth from
50 cm1 to 68 cm1 for the 2D peak upon H-intercalation is in-
dicative of a transition from monolayer (plus CBL) to quasi-
free standing bilayer material, though there may be additional
spectral broadening in both samples due to the presence of the
BCB encapsulation layer.
A nonlinear current-voltage (IV) relationship enables RF
detection with SSDs. For an RF detector based on nonlinear
IV characteristic, the voltage responsivity with an RF source
of impedance Zs is bZs ¼  12 RDcð1 jCj2Þ , where
RD ¼ dVD=dID is the differential resistance, c ¼ ðd2ID=dV2DÞ=
ðdID=dVDÞ, and C is the reflection coefficient between source
and detector.28 At low frequencies and for RD  ReðZsÞ, the
responsivity is bZs  2cReðZsÞ. At zero-bias, the dominating
noise process is Johnson noise.29 The noise-equivalent power
is thus NEP ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ4kTR0
p
=bZs, where k is Boltzmann’s constant,
T¼ 300K the temperature, and R0 ¼ RDðVD ¼ 0VÞ.
DC characteristics of SSDs from the as-grown and H-
intercalated sample are shown in Fig. 3. At zero bias, the as-
grown sample exhibits c ¼ 0:024V1 and R0 ¼ 67:1 kX. At
zero-bias, a low-frequency responsivity of b50X  2:4V=W
is expected with a Zs ¼ 50X source. The corresponding fig-
ures for the H-intercalated sample are c ¼ 0:022V1,
R0 ¼ 4:21 kX, and b50X  2:2V=W: The non-zero c at zero-
bias in both SSDs enables zero-bias RF detection.
SSDs fabricated on as-grown and H-intercalated gra-
phene are expected to exhibit opposite signs for b50X. In the
as-grown sample, which is n-type, the lateral gates at for-
ward bias ðVD > 0VÞ act to increase carrier density and
reduce RD as shown in Fig. 3(a). In weak reverse bias
ðVD < 0VÞ, carrier density is decreased and RD increased. In
the p-type H-intercalated sample, the holes are the majority
carriers and the operation reversed.
The SSD on the as-grown sample exhibits a local maxi-
mum of RD when biased at the Dirac voltage VDirac
¼ 70mV, see Fig. 3(a). A maximum RD is expected for the
VD which brings the Fermi energy f to the Dirac point in
the material (i.e., VDirac). This corresponds to a minimum in
the carrier density. The sign and value of VDirac in the as-
grown sample indicate that the channel is n-type and lowly
doped in qualitative agreement with the mean Fermi energy
extracted from Hall measurements. For the H-intercalated
sample, VDirac occurs at positive bias and is not visible within
the measured range, indicating a highly p-doped graphene
channel, which is also consistent with Hall data (Fig. 3(b)).
Responsivity was measured on wafer in the band
1–67GHz using the setup shown in the inset of Fig. 4. The
signal source was an Agilent 8275D. A 10 dB attenuator pro-
vided the nominal source impedance Zs ¼ 50X. RF power
was applied to the detector with a 75 lm pitch coplanar
probe. The available power at the SSD input (Pav;SSD) was
FIG. 2. Raman spectra for the as-grown and H-intercalated samples after
fabrication of SSD devices. The G, 2D and D peak positions are shown. The
as-grown material is monolayer graphene plus CBL, whereas the H-
intercalated sample is bilayer graphene. In the as-grown material, the G-
peak overlaps with the CBL spectrum; the thin solid line underneath the G
peak is an estimate of the contribution of the CBL in the region of overlap.
The observed intensity ratios of the G- and 2D-peaks suggest monolayer gra-
phene in the as-grown sample and bilayer in the H-intercalated one. The
peaks marked with asterisks are likely due to contribution from the BCB top
film. Note the horizontal-axis break.
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FIG. 3. Differential diode resistance (RD) and c ¼ ðd2ID=dV2DÞ=ðdID=dVDÞ
for nine-channel SSDs on the (a) as-grown sample and the (b) H-intercalated
sample.
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calculated by subtracting measured probe loss from the
power measured at the probe input with an Agilent E4419B
power meter using sensors HP8487A (1–50GHz) and
V8486A (50–67GHz). Pav;SSD ranged from 24 lW to 3 lW
in the measured band. The DC voltage Vdet was measured
with a Keithley 2000 multimeter, and the responsivity was
then calculated as b50X ¼ Vdet=Pav;SSD.
The measured high-frequency responsivity is presented
in Fig. 4. The SSDs exhibit an average b50X of 3.9 and
4.2V/W from 1 to 67GHz for the H-intercalated and as-
grown samples, respectively. In correspondence with the
DC-measurements, b50X for the two samples are of similar
magnitude but with different signs. The opposite sign
between the as-grown (n-type) and H-intercalated (p-type)
samples show that the SSD detectors operate in the intended
way as indicated in Fig. 3.
The estimated NEP up to 67GHz is plotted in Fig. 5.
The average NEP is 2.2 and 8.2 nW/Hz
1=2 for the H-
intercalated and as-grown samples, respectively. While both
SSDs demonstrate similar b50X, the estimated NEP is con-
siderably lower in the H-intercalated sample due to the lower
Rsh and R0 compared to the as-grown sample.
The graphene SSD presented in this study can be
improved for zero-bias microwave detection. First, the SSD
channel fabrication can be developed for better edge acuity
(Fig. 1). The varying channel width causes a non-uniform
electric field across the channel leading to reduced respon-
sivity.14 On the H-intercalated sample, a single-channel SSD
exhibited c ¼ 0:1V1, R0 ¼ 9:2 kX, and thus an expected
b50X ¼ 10V=W. With the same c, nine parallel channels and
an SSD driven by a source with the free-space impedance
Zs ¼ 377X, a low-frequency responsivity b377X ¼ 2cZs
¼ 75V=W and NEP ¼ 54 pW=Hz can be expected. Second,
the width of the isolating trenches can be reduced to enhance
gate-to-channel coupling thus increasing c.14 The non-
optimized graphene SSDs exhibit similar performance com-
pared to more optimized InAs SSDs with c¼ 0.35V1 and
R0¼ 15 kX per channel.12 Even though the graphene SSDs
in this study were only characterized up to 67GHz, the
results point to the graphene SSD as a potential candidate for
millimeter wave or even terahertz detection. Graphene SSDs
are potentially of interest for transparent electronics.30,31
Furthermore, the use of epitaxial growth of graphene on
commercially available 4H-SiC wafers makes the SSD
detectors viable for volume production of detector arrays.
In conclusion, self-switching diodes (SSDs) using epi-
taxial graphene on 4H-SiC have been demonstrated. Zero-
bias graphene SSD detectors showed promising results using
on-wafer measurements up to 67GHz. Graphene SSDs on
H-intercalated graphene exhibited a flat voltage responsivity
of 3.9 V/W and an NEP of 2.2 nW/Hz
1=2.
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